and GluR1 (right) determined using colorimetric assays. Time-dependent loss of surface-bound antibody was observed at 37ЊC nonperm. This reflects a constitutive endocytosis of the prelabeled cell surface receptors that is due to neither a dissociation of antibody from the receptors, as there is no detectable antibody loss following incubation for various periods of time at 4ЊC ("4ЊC nonperm"), nor to antibody instability, as no detectable change in antibody absorbance readings was observed following a 1 hr incubation at 37ЊC under permeant conditions ("37ЊC perm"). Brief insulin treatment (closed bar) enhanced both the rate and magnitude of GluR2 receptor internalization but had no effect on those of GluR1 ("37ЊC nonpermϩinsulin"). Green and red lines represent the best single exponential fit to the mean data of GluR receptor endocytosis without and with insulin treatment, respectively (n ϭ 6 in each group, for each time point).
internalization of the labeled surface receptors at different time points was then visualized using confocal microscopy and quantified by colorimetric assays. GluR2 receptors showed a constitutive time-dependent endocytosis from the cell surface in untreated cells ( Figures  2A and 2B, left) . After 10 min, most internalized receptors were localized to small punctae closely associated with the plasma membrane that may represent early endosomes. At later times, internalized receptors accumu- Figure 3A , GluR1 receptors were also subject to constitutive endowhen AMPA receptor cell surface levels were quantified by cytosis at a rate and degree comparable to that of GluR2 colorimetric assays, we found that the insulin-induced re-( Figure 2B, right) . However, in contrast to its actions on duction was completely abolished by the blockade of GluR2, insulin failed to alter either the rate or level of clathrin-mediated endocytosis with hypertonic sucrose. GluR1 receptor endocytosis, supporting the depenMoreover, internalization via the clathrin pathway is dence of insulin's selective actions on the presence known to be dependent on the GTPase dynamin, and of GluR2 (Figures 1D and 1F) To examine AMPA receptor endocytosis in a more physithese values to 43% and 37% respectively. Thus, native ological context, we investigated whether clathrin-medi-AMPA receptors in cultured hippocampal neurons also ated constitutive and insulin-induced internalization ocundergo both constitutive and regulated endocytosis at curs in mature neurons in situ using hippocampal slices rates similar to those of recombinant GluR2-containing prepared from adult rats. Plasma membrane receptor AMPA receptors in HEK cells. Constitutive and insulinendocytosis is initiated by the recruitment and concenstimulated AMPA receptor internalization in neurons tration of receptors in clathrin-coated pits, presumably were both found to be dependent on clathrin-mediated accomplished by binding of the receptors to a clathrin endocytosis, as they were completely inhibited by hyadaptor protein complex such as AP2 (Schmid, 1997). pertonic sucrose treatment ( Figure 4B) .
We examined the association of native AMPA receptors We next sought to determine if insulin stimulation was with the AP2 complex in control or insulin-treated (0.5 capable of reducing the overall number of AMPA recep-M, 10 min) slices. In control conditions ( Figure 5A ), a tors expressed on the cell surface by facilitating AMPA small number of AMPA receptor subunits were coimmureceptor endocytosis. Using quantitative colorimetric noprecipitated with adaptin ␤2, a key component of the assays, we found surface levels of AMPA receptors in AP2 complex, but not with control immunoglobulin G cultured hippocampal neurons to be ‫%65ف‬ of the total (IgG) antibody, perhaps reflecting constitutive AMPA renumber of receptors ( Figure 4D ). As expected, brief insuceptor internalization. Insulin treatment of the slices inlin stimulation produced a significant reduction in neucreased the amount of AMPA receptor coimmunoprecironal cell surface expression of AMPA receptors that pitated with adaptin ␤2 (Figures 5B and 5C ). In contrast, could be blocked by pretreatment with hypertonic suunder the same conditions, anti-adaptin ␤2 did not imcrose ( Figure 4D ). Interestingly, we found that, similar to munoprecipitate the N-methyl-D-aspartate-(NMDA-) the results in HEK cells ( Figures 2C and 3A) , hypertonic subtype glutamate receptors from either control or insusucrose treatment of hippocampal neurons, although lin-treated slice homogenates ( Figure 5D ). This suggests blocking constitutive and insulin-stimulated AMPA rethat in mature neurons, AMPA receptors are constituceptor endocytosis ( Figure 4B2 ), did not alter the basal tively internalized via clathrin-mediated mechanisms levels of the receptors expressed on the cell surface and that insulin enhances this process by recruitment of receptor subunits to the AP2 complex. (Figure 4D ). Taken together, these data provide strong . When incubated with hippocampal slice homogeassociated with a dramatic increase in the failure rate nates, GST-amphiSH3 was able to pull down a protein (Figures 7A and 7C ). In the 3 remaining cells, EPSCs of ‫001ف‬ kDa, which was recognized by dynamin antibodies on Western blots ( Figure 8A ). GST alone, and were no longer detected following insulin application Figure 8A ). Thus, GST-amphiSH3 specifically interacts with endogenous rat brain dynamin and was therefore used as a competitive inhibitor to disrupt binding between endogenous amphiphysin and dynamin in rat hippocampal neurons. GST-amphiSH3 reduced the ability of insulin to depress AMPA EPSCs ( Figure 8B ). In contrast, GST-amphiSH3m had little effect on insulin-induced depression of AMPA EPSCs.
GST-amphiSH3 with two mutations in its dynamin binding domain (GST-amphiSH3m) that render it incapable of binding to dynamin (Shupliakov et al., 1997), failed to precipitate endogenous dynamin (
Collectively by all GluRs, and its major function would be to counterIn addition to constitutive endocytosis, we observed act constitutive receptor insertion, ensuring a constant insulin-stimulated, clathrin-dependent endocytosis of number of cell surface AMPA receptors under most con-AMPA receptors in both transfected HEK cells and culditions. In contrast, the regulated pathway is GluR2 spetured hippocampal neurons. Several features associcific and rapidly regulates AMPA receptor cell surface ated with this insulin-regulated pathway distinguish it expression. Therefore, this pathway may be important from constitutive endocytosis, the most prominent bein certain forms of synaptic plasticity involving GluR2-ing its ability to rapidly reduce AMPA receptors on the containing AMPA receptors. It remains to be determined cell surface, thereby suppressing AMPA receptorhow distinct constitutive and regulated endocytotic mediated responses. This indicates that insulin may sepathways are in terms of their molecular mechanisms lectively facilitate receptor endocytosis without affectand how they converge on clathrin-mediated internalizaing receptor insertion, hence resetting the equilibrium tion as a common final step. between receptor removal and insertion. This feature makes regulated endocytosis an attractive mechanism Clathrin-Mediated Endocytosis in Synaptic Plasticity for regulating synaptic plasticity in models such as LTD.
The "silent synapse" is a recent hypothesis that has Indeed, a similar mechanism appears to be critical 
